Abstract: The aim of this study was to compare the sensitivity of two analytical methods for the prediction of the shelf-life of unpacked and packed gluten-free rice-buckwheat cookies kept at ambient (23±1 °C) and elevated (40±1 °C) temperature during storage, namely the static headspace gas chromatographic method with flame ionisation detection (SHS-GC-FID) for volatile saturated aldehydes (propanal (C3), pentanal (C5), hexanal (C6), heptanal (C7) and octanal (C8)) and the HPLC method for malondialdehyde (MDA) determination. Both methods resulted in obtaining the same end-points of cookie shelf-life, i.e., 3 and 5 months for unpacked and packed cookies kept at elevated temperature, respectively, and 11 and 14 months for unpacked and packed cookies kept at ambient temperature, respectively. Two computational approaches, i.e., the second order polynomial (SOP) and artificial neural network (ANN) models, were used accordingly. The calculations of the contents of aldehydes and MDA could be predicted with an overall coefficient of determination of 0.722 using the ANN model compared to 0.312-0.773 for SOP models. According to sensitivity analysis, it might be suggested that the relevant parameter for the prediction of the end-point of cookie shelf-life is the MDA rather than the C3, C5, C6, C7 and C8 content.
INTRODUCTION
Due to a permanent intolerance to the gluten proteins in many common cereals, celiac patients must be on a strict life-long gluten-free diet, which is usually poor in some essential nutrients. Therefore, one of the main goals in the creation of gluten-free products is their fortification to obtain added value pro-ately, sensory evaluation is time-consuming, because an experienced and trained panel is required to assess a range of previously chosen and defined parameters for a particular type of food. Therefore, in this work two analytical methods (SHS-GC-FID method for volatile aldehydes and HPLC method for MDA) for predicting the end-point of cookie shelf-life were compared in terms of their sensitivities. For this purpose, mathematical modelling was applied. Second order polynomial (SOP) models and an artificial neural network (ANN) model were used for modelling and controlling the storage process.
EXPERIMENTAL

Cookie formulation, production, packaging and storage
Cookie formulation and production were presented by Sakač et al., 2 while packaging and storage conditions were performed according to the procedure described by Sakač et al. 14 All relevant details are presented in Fig. 1 . 
Headspace analysis of aldehydes
Static headspace gas chromatography with flame ionisation detection (SHS-GC-FID) was applied to quantify the content of 5 aldehydes (C3, C5, C6, C7 and C8) in gluten-free cookies. 13 
Malondialdehyde (MDA) analysis
Preparation of MDA standard curve. A 10-mL volume of 1,1,3,3-tetraethoxypropane (TEP) was diluted to 10 mL with 0.1 mol L -1 HCl in a screw-capped test tube, placed in a boiling water bath for 5 min and rapidly cooled under tap water to produce hydrolyzed acetal. A stock solution of MDA was prepared by pippeting 1 mL of the hydrolyzed acetal into a 100 mL flask followed by dilution with distilled water to achieve 2.92 µg MDA mL -1 . Standard solutions were prepared daily by diluting the stock solution, which were used to construct a calibration curve.
Sample preparation. The sample preparation was performed following the procedure described by Tsaknis et al. 17 Two grams of cookie powder were measured into a 250 mL flask, 90 mL of distilled water was added and the pH was adjusted to 1.5-1.8 with 2 mol L -1 of HCl. The flask was connected to a standard micro-Kjeldahl unit and the content was distilled. The distillation was conducted as rapidly as possible and terminated when 250 mL of distillate had been collected in a 250 mL calibrated flask. The sample was then ready for HPLC-DAD analysis.
HPLC-DAD analysis. The chromatographic separation and quantification of MDA was performed using the HPLC method described by Karatas et al. 18 with some modifications.
A liquid chromatograph (Agilent 1200 series, Agilent Technologies, Santa Clara, CA, USA), equipped with a DAD detector and an Agilent Eclipse XDB-C18, 1.8 μm, 4.6 mm×50 mm column was used for the quantification of MDA in the obtained distillates. Separation of the analyte was achieved at a column temperature of 30 °C and using a sample injection volume of 20 µL. The mobile phase consisted of two eluents, 30 mmol L -1 KH 2 PO 4 (A) and methanol (B), delivered at a flow rate of 0.6 mL min -1 . The isocratic elution was performed with the ratio A:B (90:10 volume ratio). The DAD wavelength was set at 260 nm. The total run time of the analysis was 8 min.
Statistical analysis
The comparison of sample means according to the experimental results was studied using the post hoc Tukey's HSD test. Principal component analysis (PCA) was used to separate the observed samples into distinctive groups and to determine possible correlations among the variables.
Six mathematical models for the prediction of C3, C5, C6, C7, C8 and MDA content in the form of SOP models were developed, while the effects of the independent variables (t -storage time, T -storage temperature and P -packaging condition) on the shelf-life of gluten-free cookies were tested using analysis of variance (ANOVA).
A multi-layer perception model (MLP) generally used for approximation of nonlinear functions was used for ANN modelling. 19 Before the calculation both input and output data were normalized. Broyden-Fletcher--Goldfarb-Shanno algorithm was used. The experimental database was randomly divided into three data sets: training, cross-validation and testing data set (with 60, 20 and 20 % of experimental data, respectively). The learning cycle was repeated several times to obtain the best fit to experimental data. 20 ANN model can perform an approximation to a partially noisy and imprecise data, and, therefore, sensitivity analysis is necessary to check if the ANN could behave erroneously. 18 Sensitivity analysis was also used to define the influence of input variables on the observed outputs evaluated at specific centile points for each input variable. 21 All data were processed using Statistica 10. 
Aldehyde contents
Secondary lipid oxidation products, some of which are aldehydes, are responsible for the appearance of off-flavours during food storage. To monitor the progress of lipid oxidation during cookie storage, volatile saturated aldehydes (C3, C5, C6, C7, and C8) in unpacked and packed cookies stored at ambient and elevated temperature (23±1 and 40±1 °C) were detected. For the same purpose, the content of MDA was also measured. The obtained results are shown in Tables I-IV.   TABLE I 12 i.e., via the secondary oxidation of primary carbonyl compounds (non-3-enal) obtained from linoleic acid. 23 The appearance of all volatile saturated aldehydes during cookie storage showed increasing trend to a maximum, followed by a decrease, as noted in our previously published paper. 14 This finding is due to their oxidative changes and interaction with proteins leading to products arising from non-enzymatic browning reactions. 24 The peak of aldehyde content can be addressed to the end-point of cookie shelf-life. The peaks obtained using SHS-GC-FID method developed by Mandić et al. 13 for measuring 5 aldehydes in gluten-free rice-buckwheat cookies, expressed as total aldehydes content, corresponded with 3 and 4 months for the unpacked and packed cookies stored at elevated temperature, respectively, as well as with 11 and 14 months for the unpacked and packed cookies stored at ambient temperature, respectively. 14 The same conclusions can be derived based on the generation and decomposition of each of the measured aldehydes with the exception of C7 and C8 in the unpacked cookies kept at ambient temperature, which extremely increased in 12 th month (Tables I and II) . Also, 5 months might be chosen as the end-point of cookie shelf-life rather than 4 months for the packed cookies kept at elevated temperature (Table IV) . Contrary to the generation and decomposition of volatile saturated aldehydes, the MDA content tended to increase during the storage period to a maximum after which it became constant (Tables I-IV). The measured content of MDA (1.425-5.017 mg kg -1 d.m.) during the investigated storage period conforms with previously determined data obtained by Papastergiadis et al. 25 who found that cookie samples contained more than 1.3 mg kg -1 MDA (between 1.344 and 4.175 mg kg -1 MDA). The obtained pattern of MDA generation was not similar to that observed by Botosoa et al. 26 who investigated the TBARS value of sponge cookies stored at 20 °C and found an increasing trend (up to 20 days of storage) followed by further reduction (200 days of storage), which could be explained by the reaction of MDA with a wide range of compounds (amines, amino acids, proteins) or its polymerization resulting in formation of dimers or trimers. 27 The same observation was obtained in the experiment conducted by Papastergiadis et al., 28 in which the MDA content in cookies stored up to 92 days became lower after reaching a maximum, suggesting the mentioned reactivity of MDA with proteins. According to high MDA content, cookies could be positioned in the food category that significantly contributes to the daily intake of MDA. Consumption of foods characterized by high MDA contents are known to be dangerous for biological systems due to its potential toxicity to humans, which is attributed to its high reactivity with proteins and DNA. 29 There were significant increases in the MDA content of unpacked and packed gluten-free cookies stored at elevated temperature for 3 and 4 months (Tables I-IV) , respectively, and the increases could be used to position the end- points of cookie shelf-life. Each end-point obtained using MDA estimation corresponds with the one obtained using SHS-GC-FID method. Ke et al. 30 cited that TBA values higher than 1.5 mg kg -1 refers to food rancidity and unacceptability, but according to the results, MDA contents in cookies lower than 2 mg kg -1 may be considered as not rancid, especially if the results of Papastergiadis et al. 25 are taken into consideration. 
Principal component analysis of the aldehydes contents
PCA was utilized to describe the differences among the observed cookie samples (Fig. 2) . The PCA of the presented data clarified that the first two principal components represented 86.27 % of the total variance (66.15 and 20.12 %, respectively) with the respect to six variables (C3, C5, C6, C7, C8 and MDA).
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A good discrimination among samples could be observed in the graphical presentation of the PCA (Fig. 2) . The starting sample (0) is positioned at the left side of the plot, while the samples with gradually increasing aldehydes and MDA content are located at the right side of the plot. Based on PCA analysis, it was concluded that the MDA content could be considered as a more accurate indicator of lipid deterioration of cookie samples compared to aldehydes content due to its correlation to temperature (T) and packaging (P), Fig. 2 . Fig. 2 . Principal component analysis (PCA) ordination of the aldehyde (propanal (C3), pentanal (C5), hexanal (C6), heptanal (C7) and octanal (C8)) and malondialdehyde (MDA) content; T -storage temperature; t -storage time; P -logical constant regarding the packaging condition of cookies (packed (P = 1) or unpacked (P = 0)).
Analysis of variance and SOP model
Linear terms of packaging condition and storage time were important for the calculation of the C3 content; statistically significant at p < 0.01 level (Table VI) . The nonlinear term of t×P was also influential in the SOP model for the calculation of C3, as well as the linear term of temperature (p < 0.01). The contents of C5 and C6 were more influenced by linear terms of packaging condition and temperature, but an influence of storage time was also observed. The influence of non-linear terms (t×P and T×P) in the SOP model for calculation of C5 was evident (p < 0.01). The C7 and C8 contents were mostly dependent on linear terms of temperature and storage time (p < 0.01). The nonlinear terms (t×P and T×P) also influenced the calculation of C7, statistically significant at the p < 0.01 level. The linear terms of temperature and packaging condition, as well as the storage time were the most influential in the SOP model for the prediction of the MDA content, while non-linear terms (the quadratic term of storage time and t×P and T×P terms) showed a minor impact on MDA calculation (p < 0.01 level). The obtained coefficient of determination for the content of MDA was higher than those for other aldehydes (Table VI) suggesting MDA evaluation being a more appropriate model. 
ANN model
According to the ANN performance, it was noticed that the optimal number of neurons in the hidden layer for the calculation of the aldehyde contents was 3 (network MLP 3-3-6) to obtain high values of r 2 (0.722 for ANN during the training period, compared to 0.312-0.773 for the SOP models). The results obtained by the ANN model were better than those obtained by the SOP models due to the high nonlinearity of the ANN model. 31 
Sensitivity analysis
The variations of the outputs caused by infinitesimal changes in the input variables at a certain position in the input space are presented in Fig. 3 .
The contents of C3, C5 and C6 were mostly affected by infinitesimal changes in storage time at the maximum values of the input space, while the influence of temperature was more expressed at the centre of the input space. The contents of C7 and C8 were mainly influenced by the changes in storage time and temperature close to the upper limit of the input range. The influence of temperature was more expressed at the centre of the input space for the calculation of C3, C5 and C6 contents, while the influence of infinitesimal changes in temperature are more observable for higher values in the input space for C7 and C8 contents.
The influences of storage time and of temperature on the evaluation of the MDA content were almost the same at the centre of the input space. The influence of packaging condition was negligible for the calculation of C7 and C8, while it was very important in the case of the C3, C5 and C6 content (Fig. 3) . The MDA content was negatively correlated with packaging condition throughout the input space range. Fig. 3 . Sensitivity analysis − the influence of the input over the output variables; C3 -propanal; C5 -pentanal; C6 -hexanal; C7 -heptanal; C8 -octanal; MDA -malondialdehyde;
T -storage temperature; t -storage time; P -logical constant regarding the packaging condition of cookies (packed or unpacked).
CONCLUSIONS
Significant changes in the volatile saturated aldehydes content (C3, C5, C6, C7 and C8) of unpacked and packed gluten-free rice-buckwheat cookies stored at ambient and an elevated temperature were determined and the obtained peaks were addressed to the end-points of cookie shelf-life. For the same purpose, the MDA content was monitored. Based on the data obtained using the investigated methods, the end-points of cookie shelf-life were determined -3 and 5 months for unpacked and packed cookies kept at elevated temperature, respectively, and 11 and 14 months for unpacked and packed cookies kept at ambient temperature, respectively. The PCA indicated a high order of correlation between the aldehyde contents (C3, C5, C6, C7 and C8), statistically significant at the p < 0.01 level, while the correlations between MDA and C7 and C8 were also statistically significant at the p < 0.01 level. The aldehydes and MDA contents calculation could be predicted with an overall coefficient of determination of 0.722 using an ANN model compared to 0.312-0.773 for the SOP models. These findings coincide with those of PCA and ANOVA analysis. Based on the results obtained in this study, it might be suggested that the relevant parameter for predicting the end-point of cookie shelf-life is the MDA content rather than C3, C5, C6, C7 and C8 content.
